SUMMARY
INTRODUCTION
Tillage practices, crop rotations, and green manure crops can have large impacts on the physical conditions of soils (Culley et al., 1987; Nesmith et al., 1987) . The degree of soil disruption or compaction varies with the kind and frequency of tillage and wheel traffic as well as the soil water content at the time of tillage. Characterization of mechanical impedance is useful to evaluate the effects of tillage systems on soil physical properties (Cassel, 1983) and crop yield (Vepraskas, 1988) . Conceptually, the measurement of soil resistance with a cone penetrometer is simple, but the device is difficult to use in "hard" (high soil strength) soils, the very soils which we often wish to characterize.
Manually-operated penetrometers are difficult to push into hard soils and penetrometer shafts often bend or, in extreme cases, break, if the clay content is high or if gravel or rocks are present. The majority of soils in the Piedmont region of the southeastern U.S. and in many areas throughout the world, fall into this category. Hydraulic systems have been used to provide the large force required to push penetrometers into the soil (Cassel et al., 1978) , but hydraulically driven penetrometers have limited use on gravelly soils because the penetrometer shaft often bends when the penetrometer tip encounters gravel.
An impact penetrometer is designed to penetrate the soil in response to repeated impacts of a known mass falling through a known distance (Stolf et al., 1983; Stolf & Faganello, 1983) . This type of penetrometer does not require a greater instantaneous force when the penetrometer tip encounters a hard soil layer, but instead requires only a greater number of impacts. The simplicity of the impact penetrometer makes it a viable candidate to measure mechanical impedance on gravelly, high strength Piedmont soils.
The objectives of this study were: 1) to determine the feasibility and capability of using an impact penetrometer to assess mechanical impedance in a high-strength soil containing gravel and a high clay content, and 2) to describe and analyze the mechanical impedance patterns for four experimental systems in a sustainable agriculture experiment.
Theory of the impact penetrometer
The Stolf impact penetrometer and large penetrometers used in civil engineering applications are based on the same principle.
According to Stolf (1991) , impact penetrometers (Figure 1 ) measure the dynamic resistance, R, given by
where F is the force (newton) and A is the basal area of the cone(m 2 ). The resistance R (newton m -2 , there is, pascal) is the force per unit of area that the soil offers against the dynamic penetration produced by one impact on the head of the penetrometer (Figure 1 ). The mass of the impact cylinder (M) is 4.0 kg and the combined mass (m) of the shaft, cone, and handle is 3.2 kg. The falling distance (h) for mass M is 40.0 cm. The basal area of the cone is 1.29 10 -4 m 2 based on the instrumentation standards adopted by the American Society of Agricultural Engineers (ASAE, 1976) .
The equation to estimate R (like a function of the distance of penetration caused by one impact) is provided by the balance of energy, considering the initial and final position of the system. The impact cylinder is raised to the initial position h cm above the impact plate (Figure lb) . Upon falling, the cylinder's impact drives the penetrometer cone a distance of "x" into the soil. Consequently, the impact cylinder falls a distance of h + x. Important to this analysis is the fact that the impact also moves the penetrometer frame distance "x" below its original position (Figure lc) . The maximum gravitational energy available for penetration of the cone is Mgh + Mgx + mgx where g is the gravitational acceleration (9.80 m s -2 ). But a portion of this amount is lost by conversion into heat during the impact. The work done in advancing the penetrometer distance "x" into the soil for each single blow is given by
where f is the coefficient of elasticity of the collision. For a totally elastic impact f is equal to 1. For a totally inelastic impact, Newton's third law states that the coefficient is
Although neither case exists in practice, one assumes that the impact of the steel cylinder against the steel impact ledge approaches that of an inelastic collision. where x is the penetration in cm/impact. In practice, it is convenient to define N as the number of impacts required to drive the penetrometer some arbitrary depth into the soil. If it takes N impacts to drive the penetrometer 10 cm (1 dm) into the soil, Suppose 3 impacts caused 4 cm of penetration. Then, N = 7.5 impacts/dm. Applying equation (7), R = 4515 10 3 pascal. Depending on the range, it would be convenient to express the results in kilopascal (R = 4515 kPa) or megapascal (4.515 Mpa).
MATERIAL AND METHODS
The capability of the impact penetrometer to measure mechanical impedance of a gravelly soil was evaluated in 1991 on selected plots of a longterm experiment that is evaluating various crop and soil management systems (King & Buchanan (5) ). The management systems were established in September 1985, Raleigh (35 o 45'N, 78 o 42'W, elevation 75 m), North Carolina, USA, on a Cecil gravelly loam (clayey, kaolinitic, thermic Typic Kanhapludults) on two percent slope with moderate to severe erosion. The rock content of the soil is quite variable with erratic pieces of large rock occurring occasionally. The volume percent of rocks in the matrix of the soil, excluding the erratics, in 10 cm increments, beginning at the soil surface and going down is: 2, 3, 2, < 1, < 1 and < 1%. The soil was formed from igneous rock with quartz intrusions. Over 95% of the rock present consists of quartz. Individual rocks are angular with the long axis less than twice the length of the shortest axis. Except for the erratics, which range in size from 5 to 15 cm in diameter, most particles were less than 1 cm effective diameter. In table 1 sand, silt and clay content are presented. Penetrometer measurements were taken on May 10, 1991 when the corn was less than 15 cm tall. The four systems studied, all of which were planted to corn, were: Tilled/green manure: continuous, tilled corn with "Tibee" crimson clover (Trifolium incarnatum L.) as a winter green manure: clover seeded each fall and destroyed prior to corn planting by chisel plowing and disking.
Corn rows in each 8 x 30 m plot were spaced 100 cm apart. Two-row tillage equipment pulled by a 2500 kg tractor was used for all plots, thus only alternate interrows were trafficked. The tilled/green manure system received two cultivations after planting. Corn plants were less than 15 cm high when penetrometer measurements were made.
A 4.0 m long transect, oriented perpendicular to the direction of the corn rows, was selected in each management system in one of the experimental blocks. Soil resistance to a depth of 60 cm was measured with the Stolf penetrometer at 33 equally spaced points (12.5 cm apart) on the transect (Figure 2) . Soil compaction by foot traffic during penetrometer measurements was prevented by walking on an elevated wooden plank parallel to the transect. Measurements were made by first holding the penetrometer vertical with the impact cylinder resting on the impact plate and letting the cone settle into the soil under the static load of the penetrometer. The penetration depth of the cone was recorded. While holding the penetrometer shaft in the vertical position, the impact cylinder was raised to a height of 40 cm (Figure lb) and released repeatedly until the penetrometer cone penetrated an additional 5 cm (approximately) into the soil. The number of impacts and the final depth of penetration to the nearest cm were recorded. This procedure was Letters identify sampling points on the transect in relation to distance from the nearest corn row, and to the presence or absence of wheel compaction. Soil water content in each row and in the centers of each trafficked and non-trafficked interrow (at positions A, E, and I in Figure 2) were determined in each plot using a time domain reflectometer. Wave guides 15, 30, 45 and 60 cm long were installed at each position. Soil volumetric water content (θ) for the 15 to 30 cm depth (θ 15-30 ), for example, was calculated by
DEPTH, cm
where θ 0-15 and θ 0-30 are the average water contents in the 0 to 15 and 0 to 30 cm depths, respectively.
The computed R values for each transect were plotted using three dimensional graphics to visualize the horizontal and vertical variation. Positions along the transect were assigned identifiers A through I (Figure 2) . Identifier E occurs in the corn row whereas, for example, I occurs in the center of trafficked interrows. In our analysis, one assumed that any factor acting on the soil to affect R was symmetric with respect to the centers of each interrow. For example, the traffic pattern is assumed to be symmetric with respect to the center of the trafficked interrow; hence the amount of compaction and presumably R would be identical at position G on either side of I (Figure 2) . A linear regression of R against horizontal distance from the nearest row (0, 12.5, 25, 37.5 or 50 cm) was computed separately for the trafficked and non-trafficked interrows for each transect. All statistical computations were made using Statistical Analysis System software (SAS Institute, 1985) . Levels of significance for the regression coefficients were determined according to Pimentel Gomes (1970) .
RESULTS AND DISCUSSION
The penetrometer performed well during the 2-day period required for two persons to complete data collection at all locations on the four transects. Even though small rocks (up to 15 mm in size) were present, the penetrometer was able to penetrate the soil without bending or breaking the penetrometer shaft. Soil dynamic resistance data were obtained to the 60 cm depth at all 33 position for all transects.
Soil resistance as a function of depth and position for the four transects are shown in figures 3a to 3d The mean soil resistance, computed by averaging all 33 measurements at a given depth for a given treatment, is plotted versus depth in figure 4.
Three features can be observed from figures 3a to 3d and figure 4. First, there is a general increase in R with depth for each transect with the exception of the tilled/green manure system (Figures 3d and 4) . The soil water content (Table 2) was near in situ field capacity for all systems, except the tilled/green manure system for which some of the soil water stored in the 10 to 60 cm depth had been depleted by crimson clover before it was permitted to die and was incorporated.
A second feature, shown clearly for the tilled system (Figure 3a) , is the pronounced effect of traffic wheeling as indicated by the higher soil resistance at shallow depths in the trafficked interrows. Chisel plowing prior to planting loosened the upper 20 cm of soil, while disking recompacted soil below the 10 cm depth. Wheel traffic during the planting operation markedly compacted the soil in the 0 to 15 cm depth, as evidenced by the large increase in soil resistance at the center of the trafficked interrow.
Soil resistance for the no-till system (Figure 3b ) was similar for both the trafficked and non-trafficked interrows. This result was apparently surprising because no wheel traffic had occurred in the nontrafficked interrow, during the planting operation, for 4 years. It would be explained by the traffic of the machine harvest each year. In general, for notill, the minimum value of R occurred at the 0 to 5 cm depth in the row, the only location that was loosened by the coulter when the corn was planted and the roots start to grow.
The soil resistance pattern for the no-till/rotation system ( Figure 3c ) was similar to those for the tilled and no-tilled systems. However, the pattern for the tilled/green manure system differed from those of the other systems (Figure 3d ). Soil resistance for the latter system was low in the 0 to 5 cm depth, which was loosened during the chisel plow and disk operations, but below this depth, R increased because the soil was dryer (Table 2 ). One hypothesis is that the crimson clover had utilized some of the stored available water prior to being destroyed.
The tilled and the tilled/green manure systems are similar in that they both are chisel plowed and disked prior to planting corn. Apparently, in the till/ green manure system, the partial incorporation of crimson clover during tillage prevents the wheeltrack compaction from developing to the extent found in the tilled system. The third feature illustrated by the data in figures 3a through 3d is the presence of gravel or small rocks at randomly distributed locations in the subsoil. The effects of these rocks are most pronounced for the tilled and tilled/green manure systems, and are indicated by the abrupt increases in R. The impact penetrometer was capable of penetrating, breaking, or pushing these rocks aside. A manuallyoperated penetrometer would have stopped when it encountered the rock. A hydraulically-operated penetrometer might have penetrated the rocks, but our experience has been that obstructions below the soil surface often result in bending the penetrometer shaft. Because there appeared to be a cyclical change in dynamic resistance along the transect (for example, observe the variation in R at the soil surface in figures 3a through 3d), one developed regression equations for R against horizontal distance from the corn row to the middle of the interrow for both the trafficked and non-trafficked interrows at all soil depths. The only consistent trend was for R to increase with distance from the corn row in the trafficked interrows for the tilled system ( Figure 5 ). According to the same figure, the maximum increment per unit of horizontal distance (slope) was 102 kPa cm -1 . Regression models for this management system were significant (P = 0.1 or 0.05 level) at each sampling increment to a depth of 40 cm; the correlation coefficients (r) ranged from 0.83 to 0.95.
It was concluded that the impact penetrometer effectively measures dynamic resistance in soils having high soil strength. Although the penetrometer can be used by one person, it is more efficient and less tiring when two persons work together, especially when a large number of measurements are required. It is particularly tiring to repeatedly lift the 4 kg impact cylinder. 
